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ABSTRACT  
Potential utilization of proteins for early detection and diagnosis of various diseases has drawn considerable 
interest in the development of protein-based detection techniques. Metal induced fluorescence enhancement 
offers the possibility of increasing the sensitivity of protein detection in clinical applications.  We report the 
use of tuneable plasmonic silver nanostructures for the fluorescence enhancement of a NIR dye (Alexa Fluor 
790). Extensive fluorescence enhancement of ~2 orders of magnitude fold is obtained by the nanoscale control 
of the Ag nanostructure dimensions and interparticle distance.  These Ag nanostructures also enhanced 
fluorescence from dye with very high quantum yield (7.8 fold for Alexa Fluor 488, Qy=0.92).  A combination of 
greatly enhanced excitation and an increased radiative decay rate, leading to an associated enhancement of the 
quantum efficiency leads to the large enhancement. These results show the potential of Ag nanostructures as 
MIFE substrate for dyes in the NIR ‘biological window’ as well as the visible. Ag nanostructured arrays 
fabricated by colloidal lithography thus show great potential for NIR dyes based biosensing applications. 
 
KEYWORDS  
Ag triangular-like nanostructures, fluorescence enhancement, NIR dyes, scattering, absorption. 
 
1 Introduction 
Improving the capability of fluorescence 
measurements is recognized as being important for 
future advances in biology and medicine [1].  The 
use of fluorescent molecules is currently the most 
common labelling technique in biosensing and 
bioimaging for the detection of disease biomarkers 
and such approaches have seen widespread use in 
clinical practice due to their versatility, potential for 
multiplexing, ease of use, and remarkable 
sensitivity [2].  
Fluorescent molecules emitting at wavelengths 
in the physiologically relevant “water window” 
(700 – 900 nm), in which penetration depth is high 
and autofluorescence is minimal, are of particular 
interest and are potentially an attractive technology 
for bioapplications [3]. However, the low quantum 
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yield and poor photostability of NIR dyes currently 
limits their applicability. Indeed, the sensitivity of 
many clinical assays is limited by sample 
autofluorescence.  To design and synthesise Near 
Infra-red (NIR) dyes with high quantum yield and 
photostability has proven to be extremely 
challenging, due to the complex synthetic routes 
required for these large, complex molecules [4].  
The amplification of light from NIR fluorophores by 
coupling to metal nanostructures is a promising 
strategy for dramatically improving both the 
detection sensitivity and image enhancement, 
thereby realizing the potential advantages of the 
NIR fluorophores.   
Metal induced fluorescence enhancement 
(MIFE) is now a well-recognized technology 
wherein the near-field interaction of fluorophores 
with metallic nanostructures can, under optimized 
conditions, lead to a substantial fluorescence 
enhancement [5][7].  The phenomenon of MIFE is 
attributed to two contributions.  Firstly, local 
enhancements of the electric field take place, 
induced by the Localized Surface Plasmon 
Resonances (LSPR) of the metal nanostructures. 
Secondly, metal nanostructures are able to modify 
the radiative and non-radiative decay rates of 
nearby fluorophores, changing both the 
fluorescence lifetime and quantum yield.  
Additionally, these nanostructures can affect 
photostability, and increase energy transfer [8].  
Since the discovery of the Purcell effect [9], efforts 
to increase the sensitivity of fluorescence detection 
have focused on controlling the local 
electromagnetic (EM) environment of the 
fluorophores and taking advantage of the 
interaction between an emitter and its surroundings. 
The dielectric environment has a profound 
influence on the emission of a fluorophore, through 
its spontaneous emission rate and local 
modifications of the electromagnetic field: 
fluorescence quenching [10][12], fluorescence 
enhancement [13]-[15] or both [16][17] have all been 
reported.  It has been shown experimentally, and 
supported by theoretical calculations, that the 
fluorescence enhancement factors of metal 
nanostructures depend on the particle size, shape, 
interparticle separation, surrounding dielectric 
medium, as well as the particle arrangement 
geometry and distance between the metal and 
fluorophore.  Moreover, metal induced 
fluorescence critically depends on the spectral 
overlap between the LSPR in metal nanostructures 
with the spectral properties of the fluorophore.   
Much of the recent work on MIFE for NIR dyes 
fluorescence enhancement are based on gold (Au) 
nanostructures including Au nanorods, Au 
nanoshells, porous Au films by dealloying [18], [19], 
where systematic LSPR tuning is not possible. On 
the other hand, ordered arrays of Au based 
nanoparticles for NIR dyes study, fabricated by 
electron-beam lithography or related techniques are 
reproducible and tunable but have an associated 
high cost and low throughput [20][21].  It has 
previously been reported that silver (Ag) is a better 
material for fluorescence enhancement [22]. This is 
considered to be partly due to the fact that for a 
LSPR in the visual part of the spectrum Ag 
nanoparticles will be larger than the equivalent Au 
particles. The excitation and emission 
enhancements that lead to MIFE are thought to be 
related to the scattering efficiency of a metal 
nanoparticle. It is well known that for the same 
incident wavelength Ag particles will have a larger 
scattering efficiency than Au nanoparticles [23]. 
Geddes et al. [24] first reported fluorescence 
enhancement on indocyanine green using Ag colloids 
and Anderson et al. reported fluorescence 
enhancement on IRDye
®
700, and IRDye
®
800 using 
silver island films [25, 26].  However, these 
previously reported Ag based substrates for NIR dye 
enhancement did not allow for controlled plasmonic. 
We are not aware of any previous reports on the 
fluorescence enhancement using silver metal 
regular arrays with plasmonic tunability for 
fluorescence enhancement of NIR dyes.   In this 
paper we report the use of silver based 
nanostructures formed by colloidal lithography for 
NIR fluorescence enhancement.  Colloidal 
lithography has its distinct advantages including 
large area, low cost, multiscale, and flexible tuning 
parameters.  By combining colloidal lithography 
and subsequent oxygen plasma etching, we further 
adjust the final nanostructures by controlling the 
size and interparticle distance.  Such flexibility 
makes it a very versatile method for the preparation 
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of desired nanostructures with controllable small 
gaps and a homogeneous MIFE substrate covering a 
large area (cm2). 
Ag arrays were fabricated using a polystyrene 
sphere (PS) template in diameter of 300 nm, 500 nm, 
and 620 nm, respectively. In a second set of samples 
the polystyrene template were treated with 15 
seconds of oxygen plasma etching prior to metal 
deposition to reduce the separation distance 
between the particles.   For the unetched samples, 
three Alexa Fluor dyes (Alexa Fluor® 488, Alexa 
Fluor® 680, Alexa Fluor® 750) were chosen so that 
their absorption and emission spectra map onto the 
measured LSPR spectra of the Ag nanoparticles.  
For the etched samples Alexa Fluor® 790 was chosen 
to specifically study the fluorescence enhancement 
effect for NIR dye. Fluorescence enhancement was 
observed (as shown in Fig. 1 in every case, with a 
maximum fluorescence enhancement of ~83 fold 
from the PS 500 template with 15 seconds oxygen 
plasma etching. To obtain a better understanding of 
the role played by the metal nanoparticles, the 
optical properties of the Ag arrays were 
investigated along with computational 
electromagnetic modelling and a lifetime study.  
Electromagnetic modelling is an indispensable tool 
to investigate regular nanostructure arrays as the 
optical properties of such plasmonic structures are 
dependent on many parameters including 
dimensions, materials, and surrounding medium. 
The fluorescent enhancement is discussed in terms 
of the theoretical framework of MIFE. 
 
Figure 1 Schematic illustration of fluorescence enhancement 
on Ag metallic surface and glass surface as a control: (a) Alexa 
Fluor protein conjugate on Ag triangular-like nanostructures 
array surface (hcp arrangement), (b) Alexa Fluor protein 
conjugate on glass surface.  
2 Experimental Section 
2.1 Materials 
Polystyrene microspheres with diameters of 300 nm, 
500 nm and 620 nm (10 wt.%) were purchased from 
Bangs Laboratories Inc., USA.  Streptavidin (SA) 
conjugated dyes, Alexa Fluor® 488 (AF488-SA), Alexa 
Fluor® 680 (AF680-SA), Alexa Fluor® 750 (AF750-SA), 
and Alexa Fluor® 790 (AF790-SA) were purchased 
from Invitrogen.  A FluoroProfile Protein 
Quantification Kit, Phosphate buffer saline (PBS) 
pH7.4, and biotinlated bovine serum albumin 
(BSA-Bt) were obtained from Sigma-Aldrich.  
P-Type silicon wafers, boron-doped (with resistivity 
of 1 – 5 Ω cm), were purchased from MMRC Inc.  
Glass microscope slides were purchased from VWR.  
Nanopure water (> 18.2 MΩ), purified using the 
Millipore Mili-Q gradient system, was used in all 
experiments. 
2.2 Methods 
2.2.1 Preparation of Periodic Ag 
Nanostructure Array 
Polystyrene monolayer templates were prepared by 
using a modified colloidal lithography method 
described in detail in reference [17].  Briefly, 
monodisperse polystyrene (PS) particles with a 
diameter of 300 nm, 500 nm, and 620 nm were 
diluted by mixing with an equal amount of ethanol, 
respectively.  Glass substrates (10 by 10 mm) were 
cleaned by immersion in piranha solution (3:1 
concentrated H2SO4:30%H2O2) at 80 ºC for 1 hour.  
After cooling, the substrates were rinsed repeatedly 
with DI water and then sonicated for 60 min in 5:1:1 
H2O:NH4OH:30%H2O2 solution.  Following 
sonication they were again rinsed thoroughly with 
water and used immediately. Approximately 3 to 5 
µl of the prepared PS solutions was applied onto 
the surface of a clean and large (~30 by 20 mm) 
silicon wafer, which had been kept in 10% 
dodecylsodiumsulfate solution for 24 h previously.  
The wafer was then slowly immersed in a 15 cm 
glass vessel filled with 150 ml of Milli-Q water; the 
PS particles form a disordered monolayer on the 
water surface. To consolidate the particles, the water 
surface tension was changed by the addition of 4 µl 
of 2% dodecylsodiumsulfate solution and a large 
monolayer with highly ordered areas was obtained. 
Such monolayers were then lifted off from the water 
(a) (b) 
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surface using the glass squares or silicon substrates 
for SEM. 
 Once the 2D colloidal crystal template was 
formed, the substrates, with or without O2 plasma 
etching, were mounted into the chamber of Mantis 
e-beam evaporation system, equipped with 
deposition monitor quartz crystal microbalance, for 
Ag deposition with a fixed thickness of 75 nm.  
The nanosphere mask was removed by sonicating 
the entire substrate in either CH2Cl2 or absolute 
ethanol for 2 min.  An array of triangularly shaped 
particles remains on the substrate.  In this study, 2 
sets of samples were prepared:  first set was Ag 
arrays from above mentioned PS template with a 
diameter of 300 nm, 500 nm, and 620 nm, 
respectively (referred to as PS300-0s, PS500-0s, 
PS620-0s); the second set were Ag arrays from those 
templates which were treated with 15 second O2 
plasma etching prior to metal evaporation, inducing 
larger triangular structures with smaller gaps 
(PS300-15s, PS500-15s, PS620-15s). 
2.2.2 Immobilization of 
Fluorophore-Protein Conjugation 
Monolayer 
Both the Ag nanoparticle array surface and the glass 
surface as a control were covered with a 
self-adhesive silicone/rubber well with a thickness 
of 2 mm and diameter of 5 mm.  The size of the 
wells corresponded to the well size routinely used 
in 96-well plates for high-throughput screening.  
First, the biotinylated-BSA (bBSA) solution of 100 
mg/mL in sodium phosphate buffer (50 mM, pH7.2) 
was added into the wells and incubated for 1 h, and 
rinsed with water to remove unbounded proteins.  
This step facilitated the formation of a monolayer of 
bBSA on both Ag array surface and glass surface.  
Binding of the streptavidin-Alexa Fluor dye 
conjugations (AF-SA) was carried out by adding 25 
µg/mL into the wells and incubating for 2 hours.  
The wells were washed with PBS buffer to remove 
unbounded streptavidin-dye conjugations. 
 The formed streptavidin-Alexa Fluor dye 
monolayer makes it possible to quantitatively 
compare the fluorescence intensity of 
fluorophore-protein conjugates with and without 
various Ag nanostructures on glass (after 
background signal subtraction and correction for 
differences in surface coverage).  For each Alexa 
Fluor dye studied here, each sample including the 
control glass slide was positioned in 2 wells.  One 
was incubated with bBSA only, to establish the 
fluorescence background used as reference.  The 
other was incubated with streptavidin-Alexa Fluor 
dyes to form a dye-protein monolayer.  The 
selected Alexa Fluor dyes and their quantum 
efficiency (Qy) are AF488 with Qy of 92%, AF680 
with Qy of 36%, AF750 with Qy of 12%, and AF790 
with Qy of 4%, respectively.  The fluorescence 
enhancement factor from the Ag nanostructures is 
defined as: fE,Ag = [(EAg/AF-E Ag/bBSA- 
Eglass/AF*Suncovered/Stotal)/(Eglass/AF-Eglass/bBSA)]*(Stotal/Scovered), 
where EAg/AF is the fluorescence intensity of Alexa 
Fluor on Ag nanostructure surfaces, EAg/bBSA is the 
background fluorescence of bBSA on Ag 
nanostructure surfaces, Eglass/AF is the fluorescence 
intensity of Alexa Fluor on glass surface, E glass/bBSA is 
the background fluorescence of bBSA on glass 
surface, Suncovered is the surface area of uncovered 
bare glass given a certain masking geometry, and 
Scovered is the surface area of the Ag triangles, and 
Stotal = Scovered + Suncovered.  Inclusion of Stotal, Scovered, 
and Suncovered allows one to adjust for the differences 
in the total amount of bBSA deposited on various 
surfaces, as bBSA forms a monolayer on both glass 
and Ag surface.  However, in order to understand 
the area average of enhancement, which is the 
useful parameter for applications such as 
biosensing, we modified the equation to reflect the 
averaged fluorescence enhancement from Ag 
samples as a whole rather than the enhancement 
only from Ag triangular structures.  The 
enhancement factor is therefore defined as: fE = 
[(EAg/AF-EAg/bBSA)/(Eglass/AF-Eglass/bBSA)]*(Suncovered/Stotal).  
The enhancement factors reported in this paper 
have used this second method.   
2.3 Characterization 
Scanning electron microscopy (SEM) images of Ag 
nanostructures after template removal were 
collected using a LEO Gemini 1525 field emission 
gun scanning electron microscope (FEG-SEM).  
The optical properties of the samples from 300 nm 
to 1500 nm were measured at room temperature 
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using a Cary 500 spectrometer.  All the spectra 
presented here were obtained using unpolarized 
light.  The fluorescence emission spectra were 
taken by a Fluorology Tau 3 system from 
Jobin-Yvon-Horiba with 450 W Xe lamp excitation.  
All spectra were corrected for the spectral response, 
and long-pass filters were used to eliminate the 
contribution from the scattered excitation light.  
The samples with AF488-SA were excited at 480 nm, 
and their fluorescence were measured in the range 
of 500-650 nm using 5 nm slits by spatially 
averaging the fluorescence from sample in regions 
of ~1 mm by 3 mm.  The samples with AF680-SA, 
AF750-SA, and AF790-SA were excited at 670 nm, 
740 nm, and 780 nm, respectively.  Their 
fluorescence was measured in the range 690-750 nm, 
760–850 nm, and 800-860 nm, respectively.  All the 
other settings were kept the same as sample 
AF488-SA.  Fluorescence decay curves of 
AF790-SA on metallic surface and glass surface 
were measured using the time-correlated single 
photon counting (TCSPC) technique [16] with a 
FluoTime200 spectrometer (PicoQuant) equipped 
with a TimeHarp300 TCSPC board (PicoQuant) and 
a Hamamatsu photomultiplier (PMA-185). The 
excitation source was a 730 nm picosecond pulsed 
diode laser (PicoQuant, LDH730) driven by a 
PDL800-D driver (PicoQuant) operated at 40 MHz 
pulse repetition rate (10–). The emission was 
collected at right angles to the excitation laser beam. 
The emission arm was fitted with a long pass filter 
(HQ460LP, Chroma) before the monochromator 
(Scientech 9030). The full width half maximum 
(fwhm) of the system’s instrument response 
function (IRF) was 350 ps.  The fluorescence decay 
curves were analysed using the FluoFit software 
(PicoQuant, version 4.2.1) based on a 
multi-exponential model which involves an 
iterative reconvolution process. The quality of the 
fits was assessed by the value of the reduced χ2 
value and a visual inspection of the distribution of 
the weighted residuals and their autocorrelation 
function [27]. 
2.4 Computational Electromagnetic 
Modelling 
The calculations of the optical and electrodynamic 
properties of Ag arrays were carried out using the 
finite difference time domain (FDTD) technique [28].  
In brief, a 3-D total-field scheme is used with a grid 
resolution of 1-2 nm in each direction. The grid 
resolution for each case was obtained by 
convergence testing. The dielectric function of the 
Ag nanoparticles was modelled with a combined 
Drude-Lorentz model [29] (data provided in 
supplementary information). To prevent 
non-physical reflections from the extremities of the 
FDTD workspace Perfectly Matched Layers (PML) 
were placed at the boundaries. The transmission 
and reflection coefficients are calculated by 
considering the power flow through computational 
surfaces above and below the nanoparticle array, as 
previously described in reference [30]. All FDTD 
calculations were carried out using the MEEP FDTD 
code [31] on a HPZ800 workstation with two Quad 
core processors and 64 GBytes of RAM. 
3 Results and Discussion 
3.1 Ag Nanostructures and Their 
Plasmonic Resonance 
It is well-known that local field enhancement is 
highly dependent on the gap size between the 
nanoparticles.  Such an interparticle interaction is 
demonstrated by the fact that the relative plasmon 
wavelength shift (∆λ/λ) for polarization along the 
interparticle axis decays nearly exponentially with 
the gap distance.  In fact, it has been reported both 
theoretically [32] and experimentally [33] that an 
asymptotic dependence of the position as a function 
of spacing parameter exists.  
 A monolayer of polystyrene spheres (PS) with 
300 nm, 500 nm, and 620 nm diameter were 
deposited directly on a glass surface) by using a 
self-assembly technique on a water surface, a 
modified method to form a large area of highly 
ordered hexagonal closed pack array (hcp) 
monolayer.  Such well-organized monolayers of PS 
enable us to obtain homogeneous Ag 
nanotriangular-like arrays after subsequent Ag 
evaporation and template removal.   Fig. 2 shows 
representative top view SEM images of Ag 
nanoparticles fabricated in this study, which have 
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Figure 2 FEG-SEM images of Ag nanotriangular-like arrays: (a) 300 nm PS sphere template without oxygen plasma etching 
(PS300-0s), (b) 500 nm PS sphere template without oxygen plasma etching (PS500-0s), (c) 620 nm PS sphere template without 
oxygen plasma etching (PS620-0s), (d) 300 nm PS sphere template with 15 seconds oxygen plasma etching (PS300-15s), (e) 500 nm 
PS sphere template with oxygen plasma etching (PS500-15s), (f) 620 nm PS sphere template with oxygen plasma etching (PS620-15s) 
(scale bar: 200 nm). 
TABLE 1 Nanoparticle structural parameters corresponding to the Near- and Mid-Infrared Extinctiona 
Sample PS300-0s PS500-0s P620-0s PS300-15s PS500-15s PS620-15s 
a (nm) 72±4 118±11 137±15 110±8 208±11 227±23 
s (nm) 79±8 160±16 218±22 40±4 63±6 80±8 
D (nm) 300 500 620 300 500 620 
λmax (nm) 495 680 750 600 800 905 
λmax (nm) Calculated 527 666 725 620 770 910 
aMeasurements in Fig. 2 and 3 and FDTD calculations [(a) 300 nm PS sphere template without oxygen plasma etching (PS300-0s), (b) 
500 nm PS sphere template without oxygen plasma etching (PS500-0s), (c) 620 nm PS sphere template without oxygen plasma 
etching (PS620-0s), (d) 300 nm PS sphere template with 15 seconds oxygen plasma etching (PS300-15s), (e) 500 nm PS sphere 
template with oxygen plasma etching (PS500-15s), (f) 620 nm PS sphere template with oxygen plasma etching (PS620-15s). 
the original hcp arrangement of the PS sphere 
template.  Fig. 2(a-c) shows Ag nanotriangular-like 
arrays after removal of the 300 nm, 500 nm, and 620 
nm PS sphere templates, respectively (Sample 
PS300-0s, PS500-0s, PS620-0s); while Fig. 2(d-f) 
shows enlarged Ag nanotriangular-like 
nanoparticles with smaller gaps by oxygen plasma 
etching of corresponding PS sphere templates 
before Ag evaporation (Sample PS300-15s, 
PS500-15s, PS620-15s). Their size distributions were 
obtained from at least 200 individual particles using 
ImageJ (http://rsbweb.nih.gov/ij/). 
 The in-plane width a, (tip to tip dimensions) 
and interparticle distances, of the Ag 
nanotriangular-like nanoparticles produced from 
the PS sphere templates, with and without oxygen 
plasma etching, are given in Table 1, along with the 
measured and calculated λmax.  The height of the 
Ag nanotriangular-like arrays is 75 nm, measured 
by a QCM of the Mantis evaporation system.  The 
measured LSPR (Table 1), the signature optical 
property of noble metal nanoparticles, shows the 
systematic tunability of Ag nanotriangular–like 
arrays fabricated by colloidal lithography, in 
agreement with literature [33].  It is worth noting 
good agreement between modelling and 
experimental data, given the sensitivity of λmax to 
nanoparticle size and the measured variation in 
sample size and separation. Here we observe that  
(a) 
(d) 
(b) 
(e) 
(c) 
(f) 
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Figure 3 Plasmonic response of samples prepared using colloidal mask (with or without 15 seconds oxygen plasma etching): (a) 
PS300-0s and PS300-15s; (b) PS500-0s and PS500-15s; (c) PS620-0s and PS620-15s (solid triangle trace: without etching; hollow 
triangle trace: with 15 s etching). 
the maximum difference between the calculated 
and experimental results is ~6% (PS300-0s sample) 
and is between 0.0055% and 3.4% for the other 
samples. This approach allows us to design 
optimum nanoparticles arrays for future 
applications, and understand how imperfection 
affects the plasmonic response.  
 The extreme sensitivity of λmax to nanoparticle 
size can be illustrated by comparing the LSPR 
spectra in Fig. 3.  The nanoparticles that produce 
these spectra have identical shapes and 
approximately constant heights (shown in Fig. 2), 
but vary in the in-plane diameter, a, from 72 nm to 
118 nm, to 137 nm and result in a red shift of the 
λmax from 495 to 680 to 750 nm respectively. This 
corresponds to an in-plane width sensitivity factor 
∆λmax/∆a ≈ 4, which is in good agreement with 
literature [34]. Previous work [35] on spherical 
particles has shown that the maximum MIFE would 
be expected at a slightly longer wavelength than the 
λmax. It has been shown that MIFE can be predicted 
by considering a dipole model for the fluorophore 
molecules [35], [36]. Whilst it is possible to predict 
MIFE for axis-symmetric spheres using FDTD, the 
lack of symmetry of triangular structures means 
that a large number of points around the particle 
would need to be considered. Each point would 
require a separate calculation and the total 
enhancement would then be the average. 
Nevertheless previous work on Au triangles [37] 
predicts that the optimum wavelength for MIFE to 
be slightly above λmax for these triangular-like 
structures. 
 The primary consequences of LSPR excitation 
are selective photon absorption, scattering, and 
local electromagnetic field enhancement. The ability 
to manipulate and predict the LSPR of metal 
nanoparticle systems is desirable in several 
technological applications.  The LSPR of metal 
nanoparticle systems, particularly those of Ag and 
Au, is the source of the local electromagnetic field 
enhancement which is thought to be the dominant 
contribution to the large intensities observed in 
SERS.  In this study, size-tunable Ag triangular-like 
nanoparticles fabricated by colloidal lithography 
provide outstanding control of nanoparticle size 
and interparticle spacing. The in-plane width and 
interparticle spacing can be independently tuned 
with nanometer precision by selection of the PS 
sphere diameter and oxygen plasma etching time. 
Ag triangular-like nanoparticles fabricated by 
colloidal lithography were then applied MIFE.  
Broad wavelength tunability was demonstrated as 
the λmax shifts 2-5 nm per 1 nm variation in 
nanoparticles width.  The effect of tunable LSPRs 
throughout the visible and near-infrared regions of 
the electromagnetic spectrum on MIFE was 
investigated by using Alexa Fluor dyes. 
3.2 Fluorescence Enhancement of Ag 
Nanostructures on nearby 
Fluorophores 
To establish the impact of the Ag triangular-like 
arrays prepared by colloidal lithography on nearby 
fluorophores, we chose three different 
streptavidin-Alexa Fluor conjugates (AF488-SA, 
AF680-SA, AF750-SA).  As shown in Fig. 4(a-c), 
(a) (b) (c) 
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Figure 4 Normalized absorption and emission spectra (dotted and solid line traces, respectively) of Alexa Fluor dyes overlapping 
with corresponding LSPRs (black traces) of the set of the samples without oxygen plasma etching: (a) AF488-SA with LSPR of 
PS300 without etching; (b) AF680-SA with LSPR of PS500 without etching; (c) AF750-SA with LSPR of PS620 without etching.  
(d) AF790-SA with LSPRs of Ag triangular arrays from PS300, PS500, and PS620 templates after 15 second oxygen plasma etching, 
respectively. The excitation wavelength is indicated by the black dotted line.
AF488-SA, AF680-SA, and AF750-SA were chosen 
for maximum overlap of their absorption and 
emission spectra with the measured LSPR from the 
samples without oxygen plasma etching.  It has 
been reported that enhanced fluorescence depends 
on the spectral overlap between the LSPR in metal 
nanostructures with spectral properties of the 
fluorophore [38]. Therefore, by maximizing the 
overlap of the absorption/emission spectra of dye 
with the LSPR, the maximum fluorescence 
enhancement is expected.  For those samples with 
15 seconds oxygen plasma etching, AF790-SA was 
selected to specifically study the fluorescence 
enhancement effect for NIR dye, as shown in Fig. 
4(d). The selected fluorophores represent the 
spectral range from visible to near infrared that we 
wanted to study based on the measured LSPR 
response.  Furthermore, they also represent a wide 
range of quantum efficiency (Qy) from high 
efficiency (Qy of AF488: 92%) to medium efficiency 
(Qy of AF680: 36%) to low efficiency (Qy of AF750: 
12%; Qy of AF790: 4%). In addition, the advantages 
of using Alexa Fluors, compared to conventional 
dyes, are their better photostabilities and less 
self-quenching when labelled with proteins [39].  
 It has been reported previously that bBSA 
binds to glass and gold/silver surfaces to form a 
complete monolayer [22] although with the 
different binding mechanism.  The monolayer on 
glass surface is formed by non-covalent 
physisorbed binding while on metallic surface the 
bonding is believed to involve both electrostatic 
affinity and covalent binding. The streptavidin 
conjugated dyes were immobilized on substrates 
that were precoated with bBSA. The binding 
interaction between streptavidin and biotin is very 
strong (KA ≈ 1015 M-1) and results in a stable 
monolayer of streptavidin–dye over the bBSA. The 
layer of bBSA serves also as a separation layer 
(a) (c) 
(b)
)) 
(d)
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Figure 5 Fluorescence spectra of (a) Alexa Fluor 488 monolayer on sample PS300-0s (red) and on glass surface (black), (b) Alexa 
Fluor 680 monolayer on sample PS500-0s (red)  and on glass surface (black), (c) Alexa Fluor 750 monolayer on sample PS620-0s 
(red)  and on glass surface (black), (d) Alexa Fluor 790 monolayer on sample PS300-15s (blue), PS500-15s (red), and PS620-15s 
(green) as well as on glass as control (black), respectively.
Table 2 Average experimentally measured fluorescence 
enhancement factors of streptavidin conjugated Alexa Fluor 
dyes for the samples of PS300, PS500, and PS620 temples, 
with and without oxygen plasma etching 
Sample 
Fluorescence 
Enhancement 
Ef 
Sample 
Fluorescence 
Enhancement 
Ef 
PS300-0s / 
AF488-SA 
7.8 
PS300-15s / 
AF790-SA 
5.5 
PS500-0s / 
AF680-SA 
5.7 
PS500-15s/ 
AF790-SA 
83.0 
PS620-0s / 
AF750-SA 
10.0 
PS620-15s/ 
AF790-SA 
33.8 
aData were corrected for variations in streptavidin–dye 
conjugation surface coverage for different samples. 
between the fluorophores and the Ag surface. Since 
bBSA has an ellipsoid shape with two axes of 4 and 
8 nm, the true thickness of the absorbed bBSA 
molecules is in between these two extreme values. 
Additionally, streptavidin, which conjugates with 
dyes and forms a monolayer of about 4 nm 
thickness, acts as an additional separation layer 
between the Ag surface and  fluorophore. Such a 
combined spacing of about 10 nm provides the 
optimum condition for MIFE by minimizing 
nonradiative decay channels, which can lead to 
fluorescence quenching at a small (<4 nm) distances 
[23][30]. 
 Figure 5, shows the fluorescence measurement 
of the four fluorophores bound to the 
corresponding Ag nanostructures and fluorescence 
enhancement observed.  The enhancement factors 
are summarized in Table 2, after normalising for 
surface area differences.  The graph shows the 
(a) 
(d) (b) 
(c) 
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well-established fluorescence spectra of Alexa Fluor 
dyes bound to proteins, where the samples were 
excited at 480 nm, 670 nm, 740 nm, and 780 nm for 
conjugates AF488-SA, AF680-SA, AF750-SA, and 
AF790-SA, respectively.  The highest fluorescence 
enhancement observed was from AF790-SA on the 
sample of PS500-15s, which was almost 2 orders of 
magnitude greater than that of the AF790-SA 
monolayer deposited on glass.  The enhancement 
factors are 7.8, 5.7, 10.0 for AF488-SA, AF680-SA, 
AF750-SA for PS300, PS500, and PS620 templates 
without etching, respectively, as shown in Table 2. 
 We estimated the excess surface area due to Ag 
nanostructures to be less than 20% compared with 
the planar glass substrate. Therefore, the observed 
large fluorescence enhancement cannot be related 
simply to differences in the surface concentration of 
bound fluorophore–streptavidin conjugates and 
must be due to surface enhancement phenomena. In 
view of sensing applications, the increase in the 
sensing active area is desirable for improved 
sensitivity and sensing dynamic range. 
 We did not observe significantly higher 
enhancement factors from low quantum yield dyes 
in our samples, which is in agreement with 
previously reported results [41].  It is clear that 
there is some ambiguity in the results for the 
un-etched samples, as the fluorescence 
enhancement for the lower QY AF680-SA (with the 
PS500-0s template) is lower than the 
PS300-0s/AF488-SA sample. Since we excite close to 
the λmax for both templates we had expected that the 
fluorescent enhancement would be higher for the 
AF680-SA dye. We do not currently fully 
understand this result and so we are undertaking a 
FDTD analysis of emission and excitation 
enhancement from fluorophore molecules around 
these Ag triangular like structures. Whilst still at an 
early stage we have observed that fluorescent 
enhancement drops off very rapidly just below the 
main plasmon resonant peak and rises again at 
shorter wavelengths due to higher order LSPR 
modes. It has also been reported that for spherical 
nanoparticles the fluorescent enhancement for Ag 
drops quicker as the wavelength increases above 
λmax compared to Au nanoparticles. Hence, for these 
triangular like particles with large separation 
distances it is likely that there is a very narrow 
spectral window where optimum MIFE is 
achievable. The electromagnetic coupling between 
closely spaced nanoparticles would appear to 
increase this bandwidth. Table 2 also shows the 
enhancement factors for AF790-SA are 5.5, 83.0, and 
33.8, for PS300, PS500, and PS620 templates with 15 
seconds oxygen plasma etching, respectively.  The 
data were averaged over three samples for each 
case, in addition to 3 different locations from single 
sample.  
 We observed much higher fluorescence 
enhancement for those samples with 15 seconds 
oxygen plasma etching, partially due to the low 
quantum efficiency of AF790 and much smaller gap 
size between nanoparticles after etching. It is 
well-known that local electromagnetic field 
enhancement is highly dependent on the gap size, 
with a smaller gap size causing plasmon coupling 
and dramatically enhancing the field close to the 
metal particle [30]. Such a field enhancement is one 
of the two factors contributing to fluorescence 
enhancement as discussed previously. It should be 
emphasized that for these results fluorescence 
enhancement is measured over relatively large 
areas of 1 mm by 3 mm compared to literature 
results which are often local measurements on the 
scale of micrometers [23]. Such an observed 
fluorescence enhancement of Ag nanostructures on 
fluorophores is attributed to the interplay of two 
principal factors: an increase of a local 
electromagnetic field near Ag nanostructures, 
leading to an increased excitation rate of the 
fluorophores, and an increase of the radiative decay 
rate of fluorophores close to metal nanostructures, 
reflected both in the fluorescence lifetime and 
quantum yield [40].  The local EM field 
enhancement produces a higher excitation rate, but 
it does not change the lifetime of the fluorophore; 
this effect is referred to as excitation enhancement.  
The second effect known as emission enhancement 
increases the quantum yield.  The increased 
quantum yield and thus the emission enhancement 
were for AF790-SA monolayer on the samples with 
15 seconds oxygen plasma etching.   
 Figure 6 shows the simulated electric field 
enhancement at the excitation wavelength of the 
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AF790-SA for PS300, PS500 and PS620 templates 
with 15 s oxygen plasma etching.  It can be seen 
that for the PS500 template with etching the field 
enhancement in the proximity of the metal particle 
is 10 or greater. The other two cases show less field 
enhancement and for the PS300 case the significant 
enhancement is only seen in the space between the 
particles. The enhanced electric near-field around 
the metal excites the fluorophore which then emits 
at the emission wavelength, λem. At λem the 
 
 
Figure 6 Plots of relative electric field enhancement around the 
metal nanoparticles at 780 nm excitation wavelength, for three 
templates (a) PS300 (b) PS500 (c) PS620 with 15s etching. 
 
oscillating dipole and couples energy to the metal 
nanoparticle. It should be noted that the plasmonic 
peak is only an indicator of the wavelength of 
maximum possible MIFE. This is because the local 
electromagnetic environment must be modified by 
the fluorophore in order for significant 
electromagnetic coupling to occur between the 
molecule and metal. Further, the dipolar coupling 
between the metal and the molecule is not present 
in either the far-field calculations, or measurements 
of scattering and absorption. An important aspect in 
MIFE is the electric field enhancement around the 
metal which causes excitation enhancement. The 
electric field plots also indicate points from where 
emission enhancement can be expected. This is 
because if there is little, or no, Stokes shift it would 
be expected that strongest electromagnetic coupling 
would occur from points where large electric fields 
are seen around the metal during excitation. This is 
based on the fact that we must see reciprocity in the 
coupling between the metal and fluorophore, if the 
quantum yield of the dye is one and there is no 
Stoke’s shift. 
3.3 Lifetime Measurement for AF790-SA 
Monolayers 
To prove that the observed fluorescence 
enhancement factors are mediated by the LSPR 
effect in Ag nanostructures, we performed 
fluorescence lifetime measurements for the samples 
with 15 s oxygen plasma etching, to provide 
insights into fluorescence decay rates and to 
semi-quantitatively deconvolute the total 
fluorescence enhancement by experimental 
measurement of emission enhancement.  Fig. 7 
shows the fluorescence lifetime spectra of AF790-SA 
monolayer on PS300, PS500, and PS620 template 
with etching, as well as on a glass surface as a 
control.  The average lifetime of AF790-SA 
monolayer on glass was measured to be 550 ps.  
The lifetimes of AF790-SA monolayer on PS300, 
PS500, and PS620 templates with oxygen plasma 
etching were reduced significantly to 238 ps, 113 ps, 
and 177 ps, respectively. 
 
Figure 7 Time domain fluorescence decay of AF790-SA 
monolayer on (a) glass ( ~550 ps), (b) on PS300 template with 
15 sec oxygen plasma etching ( ~238 ps), (c) on PS500 
template with 15 sec oxygen plasma etching ( ~113 ps), (d)  
on PS620 template with 15 sec oxygen plasma etching ( ~177 
ps). 
 The fluorescence lifetime data can be evaluated 
in terms of a single exponential (SE) model or a 
multiexponential (ME) model.  A SE model is 
appropriate for samples consisting of a single 
fluorophore in a homogeneous environment, while 
a ME model describes the fractional contribution of 
decay time for each component present in a sample 
mixture [42].  In our case, the fluorescence decay 
curves could be satisfactorily fitted using a model 
with two decay times t1 and t2, from which an 
average value is calculated using the weighting a1 
and a2 for each of the decay components: 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
  13 
1 2/ /
1 2( )
t t t t
I t a e a e
  
 (1) 
The results of fitting to a ME decay analysis are 
represented in Table 3.  The x2R values shown in 
the last column of Table 3 are the goodness of fit 
parameter, obtained by fitting calculated values to 
experimentally obtained parameters by a nonlinear 
least-squares deconvulation method.  The x2R 
represented here are <10% of the random deviations 
in the data [42]. 
 The lifetime results shown above were 
analysed within the framework of a widely 
accepted semi-empirical model [41].  The observed 
emission of the fluorophore in the absence of any 
quenching interactions is described in terms of 
quantum yield (Q0) and lifetime (0).  The quantum 
yield is the fraction of the excited fluorophores 
which relax by radiative decay (0) relative to the 
total relaxation rate (0 + knr), given by: 
0
0
0 nr
Q
k


 
  (2) 
 The observed lifetime is simply the inverse of 
the total decay rate of the excited state: 
0
0
1
nrk
 
 
  (3) 
where knr is the non-radiative decay rate. The 
subscript ‘0’ indicates the fluorophore is isolated 
and not in the presence of a metal nanoparticle. 
Table 3 Multiexponential analysis of intensity decay of 
AF790-SA monolayer on glass surface and metallic surface, 
showing weighting fraction (a1, a2), observed lifetime (1, 2, 
ps), intensity weighted lifetime (<>, ps), and goodness of fit 
parameter (x2R). 
Sample a1 a2 1 2  x
2
R 
AF790-SA on 
glass 
46.3% 53.7% 264 722 510 1.40 
AF790-SA on 
PS300-15s 
93.3% 6.7% 84 560 238 1.75 
AF790-SA on 
PS500-15s 
96.8% 3.2% 51 374 113 1.70 
AF790-SA on 
PS620-15s 
94.5% 5.5% 77 464 177 1.72 
 When a fluorophore is in the proximity of a 
metal nanoparticle, the enhanced near field of the 
nanoparticle increases the amount of energy 
absorbed by the fluorophore.  In addition, 
electromagnetic coupling occurs between the 
fluorophore and the nanoparticle plasmon, causing 
an increase in the radiative decay rate of the 
molecule at the emission wavelength.  The 
proximity of fluorophore to metals results in an 
increase in the total radiative decay rate by addition 
of a new rate Γm.  The modified quantum yield (Qm) 
and lifetime (m) are then give by: 
m 0
m
m 0 m,abs nr
Q
k
  

     
  (4) 
m
m 0 m,abs nr
1
k
 
     
  (5) 
where Γm, abs is the additional nonradiative decay 
rate. The effectiveness of Γm, abs falls off rapidly with 
separation distance, thus the modified quantum 
yield tends back to the original quantum yield at far 
enough separation.  For short fluorophore-metal 
distances, < 4 nm, the non-radiative energy transfer 
rate depends on the inverse cube of the 
molecule-surface separation [43]. In other words, 
the fluorophore is quenched by the metal 
nanoparticle until complete quenching occurs at 
very small separation distance. However, in our 
case, a streptavidin-biotin conjugate provides a 
spacer layer of 12 nm between the fluorophore and 
the Ag nanoparticle surface.  For this significantly 
larger metal-fluorophore distance, a significant 
increase in non-radiative decay rate due to metal 
nanoparticles is not anticipated.  Therefore, we 
assume that non-radiative decay rate is essentially 
the same for Alex Fluor dyes on glass surface and 
on metallic surface, which means Γm,abs can be 
neglected.   
 By using the measured fluorescence lifetime of 
AF790-SA on clean glass surface the quantum yield 
of F790-SA in free-space conditions of 0.1, and Eq. 
2-3 and 4-5, we were able to obtain the value of Γm/Γ 
on Ag nanostructures relative to the rate on 
unmodified glass and hence the emission 
enhancement (Eem), defined as Eem = Qm/Q0, for each 
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sample. These are listed in Table 4. The excitation 
enhancement (Eex) for each sample is calculated by 
dividing the (total) fluorescence enhancement factor 
(Ef) by the emission enhancement (Qm/Q0), given by 
Eex=Ef/Eem .The values are listed in Table 5. 
 The fluorescence lifetime study presented here 
provides insight into fluorescence decay rates.  The 
lifetimes on metallic surfaces (shown in Table 4) are 
all shorter than the AF790-SA lifetime on the glass 
 
Table 4 Lifetime measurements for each sample and the 
calculated values of lifetime, radiative rate, and quantum yield 
ratios on metallic surfaces versus clean glass surface. (Q0 
=10%) 
Sample m 
(ps) 
/m (m +)/ Qm 
Eem 
=Qm/Q0 
PS300-15s 238 2.14 2.4 21.0% 2.1 
PS500 -15s 113 4.51 26.1 72.3% 7.2 
PS620-15s 177 2.88 9.8 52% 5.2 
 
Table 5: Values of the Excitation Enhancement and Emission 
Enhancement for Each Sample 
Sample Ef Eem Eex 
PS300-15s 5.5 2.1 2.6 
PS500 -15s 83.0 7.2 11.5 
PS620-15s 33.8 5.2 6.5 
 
surface. The radiative decay rates are significantly 
increased and likewise the quantum yields of the 
fluorophore.  The shortest observed lifetime for the 
AF790-SA monolayer on PS500-15s is 113 ps, which 
is well within the range of experimental capabilities 
and accuracy, since the fluorescence lifetime system 
response is of the order of 30 ps.  The high 
quantum yield of 72.3% for sample PS500-15s 
demonstrated that plasmonic enhancement can be 
used to create NIR dyes with similar brightness as 
visible dyes.  Also, we observed that both the 
fluorescence enhancement factor and lifetime 
follow exactly opposite trends with the shortest 
lifetime (for PS500-15s) correlating with the highest 
enhancement factor, which indicates that the effect 
of metal-nanostructure-mediated fluorescence 
enhancement takes place in the present 
nanostructures.  As shown in Table 5, it is possible 
to semi-quantitatively separate excitation 
enhancement from emission enhancement, the two 
main mechanisms for the observed fluorescence 
enhancement.  The values are in good agreement 
with our electric field mapping, which indicates 
sample PS500-15s has the highest field 
enhancement at 780 nm.  We use the term 
“semi-quantitatively” because the precise relative 
contribution of each process responsible for 
fluorescence enhancement is difficult to determine, 
since we also need to consider the coupling 
efficiency of the fluorescence emission to the far 
field.  Nonetheless, the values in Table 5 give us an 
indication of significant impact of LSPR on 
fluorescence enhancement. The overlapping degree 
of LSPR to excitation/emission of nearby dye is the 
key to have maximum fluorescence enhancement. 
4 Conclusions 
In conclusion it has been demonstrated that 
florescence intensity enhancement is possible in the 
NIR using Ag nanostructures produced by colloidal 
lithography. In our experiments an enhancement of 
83 was obtained for NIR dye Alex Fluor 790.  It is 
shown that interparticle separation, particle 
resonance, and the fluorescent dye properties of 
quantum yield and emission/excitation wavelengths 
are all important factors for fluorescence 
enhancement.  
 This work clearly demonstrates that MIFE at 
NIR wavelengths is possible using Ag nanoparticle 
patterned surfaces manufactured from colloidal 
lithography. The colloidal lithography technique 
allows fabrication of large area arrays of Ag 
triangular nanoparticles with controlled size, shape, 
and interparticle separation in a relatively low-cost 
manner, with tunable optical features.  These 
arrays are robust and reproducible and are an 
excellent candidate for practical sensing 
applications which require high sensitivity and 
reproducibility. 
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In all the Finite Difference Time Domain (FDTD) calculations the array is considered to be in free-space and 
we calculate the scattering coefficients and the absorption. The transmission and reflection coefficients are 
calculated by considering the power flow through computational surfaces above and below the nanoparticle 
array, as depicted in Figure 1 and previously described in reference [1]. The transmission and reflection is 
normalized to the incident power through the top computational surface. The normalized absorption is then 
found by subtracting the total scattering from one, where the total scattering is the sum of the normalized 
transmission and reflection coefficients. Although the scattering from the particles will occur over all angles 
the fact that the array is periodic and the computational surfaces extend over the entire computational 
domain means that all the scattered field, either reflected or transmitted, will pass through either the top or 
bottom computational surface. A number of simulations were executed for each nanoparticle size and 
configuration to find appropriate distances of the computational surfaces from the silver triangular like 
nanoparticles. 
 
The top and bottom boundaries of the computational domain are terminated using perfectly matched layers 
(PML’s) which prevent any non-physical reflections. The other four FDTD edges of the computational 
domain are periodic boundaries which creates the infinite two-dimensional array of particles. The incident 
electric field upon the nanoparticle array is circularly polarized and is normally incident. 
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Fig. S-1 Depiction of FDTD computational domain (in cross-section) showing the position of computational 
surfaces used to find transmission and reflection.  
 
The metal nanoparticles were modelled using the combined Drude-Lorentz model for metal permittivity [2]: 
2
2 2
1
( )
n
i p
i oi ij

  
  


 
 
           (1) 
where ωp is the plasma frequency, α is the oscillators’ strength,  ωo is the resonant frequency of each 
oscillator, j is the imaginary unit and  is the damping frequency of each oscillator. In our calculations we 
have used one Drude and five Lorentz terms in the summation. The parameters used were obtained from 
Rakic et-al [2] and are shown in Table 1. 
 
Table S-1. Parameters used in FDTD calculations for silver. (Parameters obtained from reference [2]) 
 
Silver  ωp = 9.01 eV 
i 1 2 3 4 5 6 
α 0.845 0.065 0.124 0.011 0.840 5.646 
  (eV) 0.048 3.886 0.452 0.065 0.916 2.419 
ω0  (eV) 0.000 0.816 4.481 8.185 9.083 20.29 
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